Abstract-Contamination of Elbe River (Germany) sediments with dioxin-like toxicants was investigated following the 500-year flood (flood that statistically occurs once in 500 years) of 2002. It was hypothesized that large amounts of particulate matter from river beds and associated dioxin-like toxicants were mobilized and transported during this flood event. The investigation focused on polychlorinated naphthalenes (PCNs) that have not been determined previously in the Elbe River. The in vitro H4IIE-luc assay was used as an overall measure for toxicants capable of binding to the aryl hydrocarbon receptor (AhR). The assay was combined with congener-specific instrumental analyses and fractionation to quantify PCN contributions to total AhR-mediated activity relative to polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) and polychlorinated biphenyls (PCBs). Penta-to octachloronaphthalene concentrations of 30 ng/kg dry weight up to 13 g/kg dry weight were found in Elbe River sediments downstream of Bitterfeld. Concentrations of penta-to octachloronaphthalenes, however, were only approximately 3 g/kg dry weight at a site in the vicinity of Bitterfeld, where a level of approximately 3 mg/kg dry weight was reported before the flood. Also, the congener pattern of PCNs at this site changed after the flood, and PCN patterns reported previously for Bitterfeld and assigned to chloralkali electrolysis with graphite electrodes could now be observed at the sites from downstream of Bitterfeld and Magdeburg. Whereas PCDD/Fs dominated the dioxin-like activity in the middle and lower Elbe River, PCNs contributed as much as 10% of the total AhR-mediated activity. The contribution of PCBs was less significant (maximum, 0.2%). Thus, in Elbe River sediments, PCNs should be considered as relevant contaminants and be included in future monitoring and risk assessment programs.
INTRODUCTION
Sediments from the Elbe River are contaminated with a wide variety of organic pollutants [1] . These include chlorinated hydrocarbons, such as dichlorodiphenyltrichloroethane and its metabolites, polychlorinated biphenyls (PCBs), hexachlorocyclohexanes, hexachlorobenzene, chlorostyrenes, and polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) [2] [3] [4] [5] ; pesticides [6, 7] ; and organometallic compounds [8] . Elbe River sediments also are significantly toxic to alga, luminescent bacteria, nematodes, macroinvertebrates, and fish embryos [9, 10] , and they exhibit mutagenicity [11] and aryl hydrocarbon receptor (AhR)-mediated (dioxin-like) activity [10] .
A sensitive response to the binding of contaminants to the AhR is the induction of ethoxyresorufin-O-deethylase (EROD) [12] . Significantly elevated activities of EROD have been found in bream caught at seven sites along the German stretch of the Elbe River [13] , confirming the relevance of dioxin-like toxicants in this important Central European freshwater ecosystem. Major groups of toxicants known to cause AhR-mediated responses of vertebrates include, among many others, polycyclic aromatic hydrocarbons (PAHs) [14] and halogenated aromatic hydrocarbons, such as coplanar (non-and mono-ortho-substituted congeners) PCBs [15] , PCDD/Fs [16] , and polychlorinated naphthalenes (PCNs) [17] . The contamination of Elbe River sediments with PCDD/Fs and PCBs has been well described and known since the early 1990s [4, 18] . Toxicity equivalents (TEQs) of approximately 100 ng/kg dry weight for PCDD/Fs and 10 ng/kg dry weight for PCBs have been found in sediments of the lower Elbe River [4] . Studies conducted after the flood in 2002 reported elevated PCDD/F concentrations in soils of floodplains downstream of Bitterfeld as well as in feedstuff produced on the floodplains and some products from animals fed with feedstuff grown on the contaminated floodplains [19, 20] . For PCDD/Fs, the industrial region of Bitterfeld has been identified as the primary source, whereas for PCBs, sources and pollution patterns are less clear. Polychlorinated naphthalenes have been found only recently in sediments from Spittelwasser Creek, which drains the Bitterfeld region [21] . Possible sources of PCNs include technical Halowax (Koppers, Pittsburg, PA, USA) and Aroclor (Monsanto, St. Louis, MO, USA) mixtures, incineration processes, chloralkali electrolysis, and metallurgy processes [22, 23] . The congener pattern observed previously in Spittelwasser Creek suggests that chlor-alkali industry is a likely source of PCN contamination in Elbe River sediments [21] . It was hypothesized that remobilization of sediments in the Bitterfeld region, such as by flood events, could have contaminated the Elbe River downstream of this region. To date, however, no data are available regarding PCN contamination of sediments in the Elbe River and the contribution of PCNs to dioxin-like potency of sediment extracts. The flooding that occurred in the Elbe River basin in 2002 also affected the Bitterfeld region and was hypothesized to have translocated large amounts of sediments [10] . Thus, this flooding could have contributed to the contamination of downstream Elbe River sediments, but it also may have changed the contamination patterns in Bitterfeld sediments. The present study was conducted to identify possible floodinduced changes in contamination patterns of sediments from Spittelwasser Creek (Bitterfeld), which is believed to be one of the most relevant tributaries with respect to dioxin-like contamination in the Elbe River [4, 24] ; to evaluate concentrations of dioxin-like compounds in sediments of Elbe River upstream and downstream of Bitterfeld, with a major focus on PCNs; and to evaluate the contribution of PCNs to the dioxin-like activity in Elbe River sediments. To achieve these aims, concentrations of PCBs, PCDD/Fs, and PCNs, as determined by congener-specific instrumental analyses, were combined with group-specific fractionation of PCBs, PCDD/Fs, and PCNs [25] and compared to the total potency of the AhR-mediated compounds. The total AhR potency was determined by use of bioanalytical assessment with H4IIE-luc cells, which have been stably transfected with an AhR-dependent luciferase reporter system [26] [27] [28] .
MATERIALS AND METHODS

Sample collection and preparation
Sediments were collected during March and April of 2003 from nine transect sites in the German part of the Elbe River, and one additional sample was taken from the tributary Spittelwasser Creek downstream of Bitterfeld (SPI) [10] (Fig. 1) . Sampling was focused on sites located downstream of the Czech border, which are characterized by exposure to effluents of the petrochemical plants and other industries upstream of the border, and on the middle course of the Elbe River, which is characterized by increased exposure to a variety of contaminants from the major tributary rivers Mulde and Saale as well as from a large number of known communal and industrial point sources. Samples were frozen at Ϫ20ЊC, freeze-dried, and sieved (Ͻ63 m). Subsequently, sediments were extracted using accelerated solvent extraction with a toluene/acetone mixture (70:30, v/v) at 140ЊC and a pressure of 10 MPa [29] . Before further analyses, sulfur was removed with activated copper, because it interferes with both chemical analysis and the cells in the H4IIE-luc assay [30] .
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Cleanup and fractionation
Desulfurized extracts were adsorbed to alumina neutral (ICN Biomedicals, Eschwege, Germany) that had been deactivated with 4.5% double-distilled water and then separated based on the methods described below. Samples were loaded onto an alumina column, and nonpolar aliphatic compounds were eluted with n-hexane (HEX). Subsequently, nonpolar aromatic compounds were eluted with a mixture of HEX and dichloromethane (DCM; 90:10, v/v) [30] . Polar compounds, including nitro-, oxy-, hydroxy-, and amino-substituted chemicals, were retained on the column. The nonpolar aromatic fraction was separated into several fractions by preparative high-performance liquid chromatography on a nitrophenylpropyl silica column (5-m Nucleosil 100-5 NO; Macherey and Nagel, Düren, Germany) with 19 ml/min of HEX/DCM (95: 5, v/v) as a mobile phase according to the number of aromatic rings [25] . The first fraction eluting within the initial 6 min contained parent, alkylated, and halogenated naphthalenes, biphenyls, dibenzo-p-dioxins, dibenzofurans, and other compounds with two aromatic rings. This fraction was collected for further assessment of dioxin-like toxicants, whereas PAHs with more than two rings and longer retention times were eluted and stored for future assessments.
The PCDD/Fs and PCNs with more than four chlorine atoms were separated from the PCBs, PCDD/Fs, and PCNs that contained fewer chlorine atoms and nonchlorinated compounds by use of electron donor-acceptor chromatography on a stainlesssteel guard column (10 ϫ 20 mm) packed with 2-(1-pyrenyl)ethyldimethylsilylated silica (5-m Cosmosil PYE; Nacalai Tesque, Kyoto, Japan) with an average pore diameter of 120Å at a mobile-phase flow rate of 8 ml/min. After isocratic elution with HEX for 5 min, a gradient to 50:50 (v/v) HEX/DCM within 1 min was performed, followed by isocratic elution with 50:50 (v/v) HEX/DCM. Fraction F2.1.1, which contained PCBs, including the mono-and non-ortho-chlorinated congeners 156, 77, 126, and 169, was collected within the first 66 s. This elution pattern was confirmed by use of standards. Nonhalogenated compounds and PCNs containing up to three or four chlorine substituents also were collected in this fraction. Polychlorinated naphthalenes substituted with more chlorine atoms and PCDD/ Fs with four and more chlorine atoms were collected in fraction F2.1.2 (from 66 s to 11 min). This fraction was demonstrated to coelute with neat standards, including 2,3,6,7-tetrachlorodibenzofuran, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), 2,3,6,7-tetrachloronaphthalene, 1,2,3,4,6,7-hexachloronaphthalene, 1,2,3,4,5,6,7-heptachloronaphthalene, octachlorodibenzo-p-dioxin, and octachlorodibenzofuran. Fraction F2.1.2 was further separated by size-exclusion chromatography [25] on two stainlesssteel columns (25 ϫ 600 mm) packed with porous polystyrenedivinylbenzene copolymer with a pore size of 50 and a particle A size of 10 m (PLgel; Polymer Laboratories, Waltrop, Germany) with 10 ml/min of tetrahydrofuran as mobile phase. Two fractions were collected: F2.1.2.1, which eluted between 33 and 40 min, contained primarily PCDD/Fs, and coeluted with the standards 2,3,7,8-tetrachlorodibenzofuran, 2,3,7,8-TCDD, and octachlorodibenzo-p-dioxin; and F2.1.2.2, which eluted between 40 and 43 min, contained primarily PCNs, and coeluted with the standards 2,3,6,7-tetrachloronaphthalene, 1,2,3,6,7-pentachloronaphthalene, 1,2,3,4,6,7-hexachloronaphthalene, and 1,2,3,4,5,6,7-heptachloronaphthalene. The validation of the fractionation method has been described by Brack et al. [25] .
High-resolution gas chromatography with mass-selective detection
Identification and quantification of individual compounds were accomplished using a gas chromatograph (HP 5890 II; Hewlett-Packard, Waldbronn, Germany) coupled with a highresolution mass spectrometer (Finnigan MAT 95, Bremen, Germany). Compounds were separated on a fused silica capillary column (length, 60 m; inner diameter, 0.25 mm; film thickness, 0.25 m; DB-5MS; J&W Scientific, Folsom, CA, USA) using a constant flow of helium of 1.5 ml/min with an initial pressure of 1.86 ϫ 10 5 Pa at 105ЊC. A guard capillary was used in front of the analytical column to prevent its contamination. The column oven temperature was programmed to increase from 105 to 180ЊC at a rate of 30ЊC/min and then to 260ЊC at 1.4ЊC/min, followed by a rate of 30ЊC/min to a final temperature of 305ЊC with a final holding time of 10 min. Injection was performed on-column. The transfer-line temperature was held at 290ЊC. The mass spectrometer was operated at electron-impact ionization (70 eV) and at mass resolution of 8,000. All compounds were quantified in the multiple-ion detection mode using the most abundant ions of the molecular ion clusters for quantification and two further substance-typical ions as qualifier. Polychlorinated dibenzo-p-dioxins and dibenzofurans were quantified using 13 C-labeled internal PCDD/F standards (EDF 8999 and EDF 957; Cambridge Isotope Laboratories, Andover, MA, USA). For the quantification of PCBs and PCNs, 13 C-labeled internal PCB standards were used (EC1418, EC1419, and EC4064; Cambridge Isotope Laboratories). Detection limits for PCBs, PCNs, and PCDD/Fs were approximately 1.0 ng/kg dry weight sediment calculated for the whole protocol using a defined signal to noise ratio of 3:1. Mean standard deviations ranged from 6 to 18% (n ϭ 3). No recovery standards were used to avoid artefact responses in the in vitro H4IIE-luc assay.
Within the analyses series, after every fourth analysis, a blank analysis (injection of 1 l of pure toluene) was carried out, and subsequently, a standard mixture (EC1418, EC1419, and EC4064) was measured to check instrument performance. Disturbing interferences and memory effects were prevented by regularly maintenance of the injector port and the guard capillary. The mass spectrometer was tuned every day with heptacosa (perfluorotributylamine) purchased from Thermo Scientific (Bremen, Germany).
In vitro analysis of dioxin-like activity
The potencies of the samples to induce AhR-mediated toxicity were determined with the H4IIE-luc bioassay. The details of the luciferase reporter gene assay have been described elsewhere [27, 28] . In brief, H4IIE-luc cells were seeded into 96-well Culture View Plates (Packard, Meriden, CT, USA). Cells were exposed in triplicate to serial dilutions of sediment extracts for 72 h. The amount of AhR-induced luciferase was quantified using the Herta Luminometer with LucLite Reporter Gene Assay System (PerkinElmer, Nieuwerkerk a/d IJssel, The Netherlands). Total concentrations of TCDD equivalents (TCDD-EQ) in sediments were determined by comparing the volume of extract required to cause a specified response to the mass of TCDD required to cause the same response and normalized to the mass of sediment that had been extracted. The resulting units of quantification were pg TCDD-EQ/g dry weight sediment. After an initial screening (range-finding experiments), full concentration-response curves for induction of AhR-mediated responses were generated in triplicate. a For site acronyms, see Figure 1 .
Data analysis
For the calculation of TCDD-EQ from H4IIE-luc assay results, the effect-equivalency approach was applied [28, 31, 32] . Regression equations were derived for the loglinear portion of the standard TCDD curve and for each concentration-response curve of all sample/fractions. 2,3,7,8-Tetrachlorodibenzo-p-dioxin equivalents were then calculated from the amount of sample producing a twofold induction of luciferase.
Total TEQs were calculated as the sum of the product of concentrations of individual congeners multiplied by their relative potencies (RePs) and normalized to sediment (dry wt) and total organic carbon (TOC). For PCNs, no generally agreed toxic equivalency factors are available. For a series of PCN congeners, however, potencies relative to 2,3,7,8-TCDD have been described using two test systems based on H4IIE cells (H4IIE-EROD and H4IIE-luc) [17, [33] [34] [35] [36] . For TEQ calculations in the present study, RePs determined in the H4IIE-luc assay (ReP H4IIE-luc ) were used when available. For those congeners for which ReP H4IIE-luc were not available, RePs were based on the induction of EROD in wild-type H4IIE cells. For PCNs, in some cases values predicted for quantitative-structure activity relationships were used. In vitro RePs as well as predicted in silico values were compiled recently [37] .
For source analysis, concentrations of individual penta-to heptachloronaphthalene congeners were normalized on total contents in the respective sample and subjected to principal components analysis together with sediment data from Spittelwasser Creek before the flood [21] and source-related samples published previously [23] .
RESULTS
AhR-mediated activity (H4IIE-luc)
Except for sediments collected at Königstein, PCB fractions (F2.1.1) of all samples induced luciferase more than twofold and in a dose-dependent manner (Fig. 2) with concentrations of TCDD-EQ that exceeded the lowest-observable-effect concentration. With the exceptions of the samples collected at König-stein, Dresden, and Barby that had less activity and the relatively great concentrations at Hitzacker (HIT), all TCDD-EQ concentrations were in the range of 20 to 90 ng/kg dry weight ( Table  1 ). The maximum TCDD-EQ concentration of 7.6 ϫ 10 2 ng/kg dry weight (1.2 ϫ 10 4 ng TCDD-EQ/kg TOC) was observed at HIT. Luciferase induction profiles of F2.1.1 varied along the Elbe River and did not show a clear trend (Fig. 2) . Figure 1 . Concentrations of TCDD-EQ in F2.1.2.1 (PCDD/F fractions) upstream of Bitterfeld did not exceed 10 ng TCDD-EQ/ kg dry weight (Fig. 2) . Downstream of Bitterfeld, concentrations of greater than 600 ng TCDD-EQ/kg dry weight occurred at SPI and 60 to 270 ng TCDD-EQ/kg dry weight at Elbe River sites downstream of Bitterfeld (Leopoldhafen [LEO] to Magdeburg [MAG]) could be observed. Further downstream (Arneburg and HIT), the activity again decreased below 10 ng/kg dry weight. Both on a dry-weight and a TOC basis, TCDD-EQ concentrations were greatest at SPI, followed by MAG and Barby (Table 1) .
Ethoxyresorufin-O-deethylase activities measured in PCN fractions (F2.1.2.2) were generally less upstream of Bitterfeld, with less than 1 ng TCDD-EQ/kg dry weight ( Table 1) . The greatest EROD activities were found in sediments collected at SPI, with 195 ng TCDD-EQ/kg dry weight. Elevated TCDD-EQ levels in Elbe River sediments were detected downstream of Bitterfeld until MAG, with 10 to 30 ng TCDD-EQ/kg dry weight.
Sediment contamination with dioxin-like compounds
The sediment extract fractions described above also were analyzed for planar PCBs, PCDD/Fs, and PCNs to explain the AhR-mediated activity in these samples. The least proportion of TEQ contributed by dioxin-like PCBs was determined to be in sediments just below the Czech border at Königstein (0.1 ng TEQ/kg dry wt; 8.3 ng TEQ/kg TOC) ( Table 2 ). Concentrations increased further downstream to 20 to 30 ng TEQ/ kg TOC for the middle course of the Elbe River from Torgau to MAG. The concentrations observed downstream of Bitterfeld were in the same range as those observed upstream despite the 10-fold greater concentrations detected in SPI sediments.
Concentrations of PCDD/Fs from 0.28 to 1.6 ng TEQ/kg dry weight and from 4.7 to 38 ng TEQ/kg TOC were found in sediments of the Elbe River upstream of the Bitterfeld region. In SPI, more than 1.5 ϫ 10 3 ng TEQ/kg dry weight and 7.2 ϫ 10 3 ng TEQ/kg TOC were measured. Concentrations of TEQ contributed by PCDD/Fs in Elbe River sediments downstream of Bitterfeld exceeded those upstream by factors of 30 to 800, with maximum concentrations of 2.5 ϫ 10 2 ng TEQ/kg dry weight and 4.0 ϫ 10 3 ng TEQ/kg TOC. Concentrations of TEQs in sediments from MAG harbor, when expressed on a TOC basis, were only slightly less than those in SPI sediments. At the lower Elbe River sites Arneburg and HIT, PCDD/F concentrations were still 2-to 10-fold greater than those in Elbe River sediments from sites upstream of Bitterfeld.
Polychlorinated naphthalenes could be detected along the entire German stretch of the Elbe River. Concentrations of PCNs upstream of Bitterfeld were in the range of 100 to 600 ng/kg dry weight or 0.11 to 0.82 ng TEQ/kg dry weight ( Fig.  3 and Table 2 ). In sediments collected at SPI, PCNs have been found at more than 2,000 ng/kg (Fig. 3) , whereas concentrations of other congeners were not elevated relative to those in Elbe River sediments. Concentrations of PCNs downstream of Bitterfeld were greater than those detected at the sites further upstream by a factor of 6 to 120. Sediment concentrations increased from less than 4,000 ng PCN/kg dry weight (2.6 ng TEQ/kg dry wt) to greater than 15,000 ng PCN/kg dry weight (10 ng TEQ/kg dry wt) between LEO and MAG ( Fig. 3 and Table 2 ).
To identify possible sources of local PCN contamination, congener-specific patterns were evaluated. Congener patterns varied greatly upstream of Bitterfeld (TOE and Wittenberg) (Fig. 4) , but rather uniform patterns occurred downstream of Bitterfeld (LEO, Barby, and MAG). These patterns are characterized by relatively great concentrations of PCNs 52/60, 66/ 67, 73, and 75 (numbering according to Wiedmann and Ballschmiter [38] ). The pattern in SPI samples corresponded neither to upstream nor to downstream patterns.
DISCUSSION
The analysis of AhR-mediated activity of PCB, PCDD/F, and PCN fractions in combination with chemical analysis of these compounds demonstrated that the compounds follow a diverse and fraction-specific pattern along the German stretch of the Elbe River.
Polychlorinated biphenyls
The activity of the PCB fraction was rather constant over the whole river stretch investigated in the present study. Exceptions were enhanced activities at LEO and, particularly, HIT as well as lower activities at Königstein, Dresden, and Barby. No indications were found that Bitterfeld was a significant source of or influenced PCB trends in the river stretch related to dilution or accumulation processes. The pattern of contamination observed indicated numerous small point sources or diffuse inputs of toxicants with AhR-mediated activity.
A comparison of TEQ concentrations based on coplanar PCBs and TCDD-EQs in F2.1.1 (Fig. 5) suggests that except for Barby and SPI, coplanar PCBs explain only a few percentage points of the total concentration of TCDD-EQ in F2.1.1. This also was true for the relatively great concentration of TCDD-EQ in sediments from HIT, where PCBs accounted for less than 0.2% of the total TEQ concentration. Other compounds with great potential to bind to the AhR and, thus, to contribute to the total concentration of TCDD-EQ, such as PCDD/Fs, PCNs, and PAHs, were confirmed by gas chromatography with mass-selective detection to be absent from F2.1.1, and these compounds can be excluded as the cause of F2.1.1 activity (data not shown). The fractionation scheme suggests unknown, nonpolar, small aromatic compounds with relatively great AhR-mediated potency as the cause of this effect.
Polychlorinated dibenzo-p-dioxins and dibenzofurans
Concentrations of TCDD-EQ in the PCDD/F fraction (F2.1.2.1) were greater downstream of Bitterfeld relative to the less polluted sites upstream ( Table 1 ). The greatest activities were observed at SPI, a location close to the assumed source. Concentrations of TCDD-EQ only slightly decreased downstream until MAG, suggesting a relatively high concentration of TCDD-EQ over the whole stretch. At sites further downstream, such as Arneburg and HIT, concentrations of TCDD-EQ were similar to those in sediments at the sites upstream of Bitterfeld. Quantification of PCDD/Fs by gas chromatography with mass-selective detection was in agreement with the H4II4E-luc results for the PCDD/F fraction, with similar concentrations of TEQ and TCDD-EQ observed. The difference between the concentrations of TCDD-EQ and TEQ never exceeded twofold. Thus, major activities of F2.1.2.1 were explained by the presence of PCDD/Fs. The patterns of TCDD-EQ and TEQ concentrations along transects confirmed the Bitterfeld region as the major source of PCDD/F contamination and toxicity in the Elbe River. The proportion of TEQ contributed by PCDD/Fs in SPI was two-to sevenfold less than that reported before the flood [4, 24] , whereas the contamination of downstream Elbe River sites was of the same order of magnitude as before the flood. Thus, no significant influence of the 500-year flood in 2002 on PCDD/F contamination of the central and lower Elbe River basin was indicated.
Polychlorinated naphthalenes
Besides PCBs and PCDD/Fs, the present study demonstrated, to our knowledge for the first time, that PCNs are a significant contributor to TEQ in the central and lower Elbe River, with approximately 10% of the total TEQ being contributed by PCNs (relative to PCDD/Fs). Although no TCDD-EQ in the PCN fractions (F2.1.2.2) could be detected upstream of Bitterfeld, concentrations of TCDD-EQ approached almost 2.0 ϫ 10 2 ng/kg dry weight at SPI. Elevated concentrations of TCDD-EQ in PCN Figure 2 . For site acronyms, see Figure 1 . [36] .
To associate PCN contamination of Elbe River sediments with possible sources, congener patterns of penta-to octachloronaphthalenes were measured for all sites (Fig. 4) and subjected to principle components analysis (Fig. 6 ) together with source-related PCN patterns reported previously [23] and the PCN pattern found before the flood in Bitterfeld at the identical site (SPIbf) [21] . Bitterfeld was hypothesized to be a major source for these compounds, because in SPI sediments before the flood, concentrations of up to 2.5 g of penta-to heptachloronaphthalenes per gram dry weight had been measured, whereas the congener pattern suggested chlor-alkali electrolysis as a probable source [21] .
Principal components analysis of concentrations of pentato heptachloronaphthalenes revealed three principal components (PCs) that together explained 87% of the variance (PC1, 47%; PC2, 28%; PC3, 12%). The resulting loading plots of PC2 versus PC1 and PC3 versus PC1 are shown in Figure 6 together with the corresponding score plots (shown as inserts). Highest absolute score values were found for the heptachloronaphthalene PCN 73 (PC1), the pentachloronaphthalenes PCN 52 and PCN 60 (PC2), and the pentachloronaphthalene PCN 50 (PC3). In both plots, principle components analysis grouped the profiles of LEO, MAG, Barby, and Torgau together with graphite sludge from chlor-alkali industry [23] and SPIbf [21] . Thus, pattern analysis and substantially increased PCN concentrations in downstream sediments suggest Bitterfeld as a major source of PCN contamination in LEO, MAG, and Barby sediments. Because chlor-alkali electrolysis in Bitterfeld ceased years ago, historical burdens from Bitterfeld appear to be the main source for the contamination of long stretches of the central and lower Elbe River with this compound class. Although additional downstream sources emitting the same pattern as Bitterfeld cannot be excluded completely, the present results suggest a translocation of sediments contaminated with PCNs from the Bitterfeld region downstream of the Elbe River. Interestingly, the chlor-alkali pattern was found not only downstream of Bitterfeld but also upstream at Torgau. Because Bitterfeld can be excluded as a source of contamination, this suggests that local emissions are responsible for the contamination at Torgau.
Analysis of sediment contamination at SPI in the present study revealed major differences relative to the situation before the flood of 2002 at the same site (SPIbf). Total concentrations of PCNs were approximately 1,000-fold less. Principle components analysis clearly separates the SPI pattern from downstream patterns and from the previous pattern at the identical site (SPIbf). In both loading plots, the SPI patterns appear close to Mwi (i.e., fly ash from a municipal waste incinerator) [23] . Dominating peaks are PCNs 52/60 and 50.
The behavior of PCDD/Fs and PCNs in SPI sediments was different, with basically unchanged contamination by PCDD/Fs but dramatically altered PCN patterns and concentrations. It may be hypothesized that both contaminations were associated with different portions (probably layers) of sediment. Whereas the upper layer containing PCNs from a chloralkali plant might have been removed by flood-induced erosion, the PCDD/F contamination could be relatively constant over a much greater depth and may have been only partly eroded during the flood event. This supports the hypothesis of different sources for PCDD/Fs and PCNs, which are believed to originate from metallurgical processes [4] and chlor-alkali industry [21] , respectively. A comprehensive sampling campaign, including recording depth profiles for PCNs and PCDD/Fs, could help to prove this hypothesis and make conclusions regarding total contamination of Spittelwasser Creek and its flood plain. The PCN contamination found in the present study after the 2002 flood at SPI obviously has a different source and seems to be less significant. These results suggest a highly dynamic situation regarding the qualitative and quantitative PCN contamination in sediments of different age and/ or origin that have been sampled at an identical site according to an identical protocol with a period of approximately three years between samplings.
The present results suggest that PCDD/Fs are the predominant dioxin-like chemicals in the central and lower Elbe River. Contamination of Elbe River sediments with PCNs, which to our knowledge has been examined for the first time in the present study, equals approximately 10% of total TEQ concentrations contributed by PCDD/Fs, whereas the contribution of PCBs was approximately 2-to 10-fold less. These results suggest PCNs as a relevant contaminant in the lower Elbe River. Sediment concentrations in the River Elbe were on the same order of magnitude as concentrations at contaminated sites of the Gdañsk Basin in the Baltic Sea [39] and Lake Vänern in Sweden [23] but 100-to 1,000-fold less than concentrations in sediments adjacent to a former chlor-alkali plant in southeastern coastal Georgia, USA [22] . The accuracy of the conclusions is influenced by the uncertainty of the toxic equivalency factors for PCNs relative to those for PCDD/Fs and PCBs. Thus, the precautionary principle suggests further investigations regarding PCN contamination and effects and the inclusion of PCNs in monitoring and risk assessment programs for the Elbe River.
